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Edited by Pascale CossartAbstract Expression of several virulence factors in the plant
pathogen bacterium Ralstonia solanacearum is controlled by
a complex regulatory network, at the center of which is PhcA.
We provide genetic evidence that PhcA also represses the
expression of hrp genes that code for the Type III protein
secretion system, a major pathogenicity determinant in this
bacterium. The repression of hrp genes in complete medium
is relieved in a phcA mutant and two distinct signals, a quo-
rum-sensing signal and complex nitrogen sources, appear to
trigger this PhcA-dependent repression. This control of hrp
gene expression by PhcA is realized at the level of the HrpG
regulatory protein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Ralstonia solanacearum is a soil-borne pathogen that causes
lethal wilt diseases of many plants around the world. The bac-
terium generally invades its host through wounds in the roots,
colonizes the xylem vessels, and spreads rapidly up the stem
and through the plant. The typical wilting symptoms result
from an excessive production of extracellular polysaccharides
(EPS) within the vascular system, thus altering water ﬂuxes
in the plant.
Expression of virulence factors in R. solanacearum is con-
trolled by a complex regulatory network that responds to envi-
ronmental conditions, the presence of host cells, and bacterial
density [1]. At the center of this network is PhcA, a LysR fam-
ily transcriptional regulator [2], which, directly or through
intermediary regulatory genes, coordinates the expression of
several virulence factors such as EPS, various plant cell wall-
degrading enzymes, and bacterial motility [3]. The level of
active PhcA is regulated in response to cell density by a quo-
rum-sensing mechanism that involves the speciﬁc autoinducer
molecule 3-hydroxy palmitic acid ester (3-OH PAME) [4]. At*Corresponding author. Fax: +33 61 28 50 61.
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doi:10.1016/j.febslet.2005.02.058low cell density in culture, presumably corresponding to sapro-
phytic life and early plant colonization, PhcA is not expressed,
leading to expression of early disease virulence factors,
including several polygalacturonases and both twitching and
swimming motility [5–7]. At a later stage of infection, at high
cell density, the accumulation of 3-OH PAME leads to activa-
tion of PhcA and, subsequently, production of EPS and potent
plant cell wall-degrading enzymes (cellulases and pectin methy-
lesterase) will be activated (Fig. 1A).
Another key determinant of R. solanacearum pathogenicity
is the hrp-encoded Type III secretion system (TTSS) that al-
lows the translocation of eﬀector proteins into plant cells
[10]. hrp genes are required both for disease development
on host plants and for the elicitation of a defensive hyper-
sensitive response (HR), which is triggered by certain non-
host or resistant plants after recognition of the pathogen.
hrp gene expression in many Gram-negative plant pathogens
is strongly inﬂuenced by growth environment. A general fea-
ture of hrp genes is that these genes are not expressed when
the bacteria are grown in complete medium but are induced
after growth in apoplast-mimicking minimal media [11,12].
In R. solanacearum, plant cell wall-derived signals perceived
during the bacterium–plant cell contact were also shown to
activate hrp gene expression through a six-gene regulatory
cascade [13–15] (Fig. 1B). At the bottom of this cascade is
HrpB, an AraC family regulator, which activates the hrp
and TTSS-eﬀector promoters via the hrpII box cis-element
[16].
In this paper, we investigated whether the regulatory net-
work controlled by PhcA and the Hrp regulatory pathway
could be genetically connected. We show that PhcA negatively
regulates expression of the TTSS in complete medium and that
this PhcA-mediated repression is triggered by complex nitro-
gen sources. Our data also indicate that repression of hrp genes
by PhcA is realized at the level of the HrpG regulatory protein,
probably via a post-transcriptional mechanism.2. Materials and methods
2.1. Bacterial strains, plasmids, and media
Plasmids were cloned in Escherichia coli strain DH5a (BRL). The
plasmids and R. solanacearum strains used are listed in Table 1. E. coli
was grown at 37 C in LB broth and R. solanacearum strains were
grown at 30 C in complete B medium or minimal medium supple-
mented with glucose at 10 mM ﬁnal concentration [17] or with Difco
casamino acids (10 g/L). Antibiotics were used at the following concen-
trations (mg/L): ampicillin, Amp (100), spectinomycin, Spc (40), tetra-
cyclin, Tc (10), gentamycin, Gm (10), kanamycin, Km (50).blished by Elsevier B.V. All rights reserved.
Fig. 1. Simpliﬁed model of the network regulating virulence factors
and motility in R. solanacearum. (A) The PhcA-regulated pathways.
(B) The Hrp Type III secretion system regulatory pathway induced in
response to the bacterium–plant cell contact. Lines with solid
arrowheads or bars represent positive or negative control, respectively,
of gene expression. Lines with open arrowheads represent synthesis or
sensing of the autoinducer molecule 3-OH PAME. PhcS/R, PehS/R,
VsrA/D, and VsrB/C correspond to two-component regulator mod-
ules. Acyl-HSL: N-octanoyl and N-hexanoyl-homoserine lactone
synthesized by solI. Adapted from [1,8,9].
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Standard recombinant DNA techniques were used. PCR ampliﬁca-
tions were done with the Expand Long Template PCR System (Roche
Molecular System) using genomic DNA of R. solanacearum GMI1000
as previously described [16].
2.3. Creation of phcA and hrpG mutants
A 1.3 kb DNA fragment encompassing the phcA open reading
frame was PCR-ampliﬁed using the primers phc1 (5 0-AAGCTTGG-
TACGACAACGAGTGG-3 0) and pCA2 (5 0-CGGTGCCACAG-
CATGTT-3 0) and cloned into the pGEMT vector to give plasmid
pGA. The X interposon [19] digested by SmaI was cloned into
the unique EcoRV site of pGA, thus resulting in plasmid pGAX
carrying an insertion of the X element 255 bp downstream of the
phcA start codon. Plasmid pGAX was linearized by HindIII and ex-Table 1




GMI1425 hrpG::lacZ mutant (Kmr)
GMI1447 hrpC::lacZ mutant (Kmr)
GMI1475 hrpB::lacZ mutant (Kmr)
GMI1609 hrpC::lacZ phcA::X (Kmr, Spc/S
GMI1610 phcA::X (Spc/Smr) mutant
GMI1611 hrpB::lacZ phcA::X (Kmr, Spc/S
GMI1612 hrpG::lacZ phcA::X (Kmr, Spc/S
GMI1756 DhrpG::aaaC1 (Gmr) mutant
GMI1757 hrpB::lacZ phcA::X DhrpG::aaaC
Plasmids
pGEMT Cloning vector, Ampr
pHP45X X interposon (Spc/Smr)
pLAFR3 IncP1, Tcr, cos+, rlx+
pLAFR6 pLAFR1 with trp terminators, T
pCM351 Allelic exchange vector with aaa
pGA pGEMT carrying a 1.3 kb phcA
pGAX pGA with the X interposon clon
pSG315 pLAFR6 carrying a hrpB::lacZ
pSG318 pLAFR3 carrying phcA on a 1.3
pSG393 pCM351carrying a DhrpG::aaaCchanged into the genome as described previously [11]. Disruption of
the phcA gene in GMI1000 and various hrp::lacZ mutant derivatives
was veriﬁed by Southern analysis.
A hrpG::aaaC1 deletion mutant was constructed by amplifying two
DNA fragments ﬂanking the hrpG coding sequence (using primers
5 0-TCTAGACAACCGCACCAATGTGCTTG-3 0 and 5 0-GGTACC-
GGACACATTCCACGTT-3 0 for the left-ﬂanking fragment and
5 0-CCGCGGAACCTGTTCACGAACC-3 0 and 5 0-GTCGACTTGC-
AGATGCTGGTGGAT-3 0 for the right-ﬂanking fragment). The
aaaC1 (Gmr) cassette was then cloned between these two PCR frag-
ments in the allelic exchange vector pCM351 [21]. The resulting con-
struct, pSG393, was used to transform R. solanacearum to generate a
DhrpG::aaaC1 mutant. The deletion of hrpG in resulting strain
GMI1755 was checked by PCR. GMI1755 elicited no HR after inﬁltra-
tion in tobacco leaves and the HR-inducing ability of the mutant strain
was restored after introduction of pBBL12, a pLAFR6-based plasmid
which carries a functional hrpG gene [14].
2.4. Cloning and trans-expression of phcA
The phcA gene was PCR-ampliﬁed as a 1.5 kb DNA fragment using
the primers phc1 and pCA3 (5 0-GGAGGAGCGCGGTGCTGG-3 0).
The PCR product was restricted by EcoRI and HindIII and the corre-
sponding 1.3 kb fragment was cloned into pLAFR3 digested with the
same enzymes. The resulting plasmid pSG318 therefore carries phcA
downstream of the lac promoter which is constitutively expressed in
R. solanacearum.
2.5. b-Galactosidase assays
b-Galactosidase assays were performed as described elsewhere [16].
Values are the mean of three independent experiments performed in
duplicate.
2.6. HR tests
Ralstonia solanacearum strains were tested for HR ability by inﬁltra-
tion of bacterial cultures adjusted to 108 cells/mL in Nicotiana tabacum
(cultivar bottom special) leaf parenchyma as described [14].3. Results
3.1. The repression of hrp genes in complete medium is controlled
by PhcA
A phcA mutant strain was constructed by disrupting the
corresponding open reading frame with the X interposon.















C1 cassette, Ampr Tcr Gmr [21]
fragment This work
ed in EcoRV This work
transcriptional fusion This work
kb EcoRI–HindIII fragment This work
1 construct This work
Table 2
Eﬀect of phcA on expression of chromosomal Tn5-lacZ fusions in the
hrpB (hrp gene regulator) and hrpC (TTSS biogenesis) genes after
growth of the bacterial cells in complete medium
Strains Genotype b-Galactosidase activitya
No plasmid +pSG318b
GMI1447 hrpC::lacZ 11 (1) 6.2 (0.7)
GMI1609 hrpC::lacZ phcA::X 187 (11) 7.5 (0.5)
GMI1475 hrpB::lacZ 9 (1.5) 6.0 (1)
GMI1611 hrpB::lacZ phcA::X 629 (34) 8.9 (0.9)
aCells were grown to an OD600 of 1.0, disrupted with sodium dodecyl
sulfate–chloroform and assayed. Mean values are in Miller units with
standard errors in brackets.
bpSG318 carries a wild-type copy of phcA constitutively expressed
from plac on pLAFR3, a low-copy-number vector.
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ing polygalacturonases (data not shown), similarly to what
was reported for phcA mutations in strain AW1 [2]. To eval-
uate the role of phcA and hrp gene expression, the phcA::X
mutation was introduced in strains GMI1447 and GMI1475,
which carry a lacZ transcriptional fusion in the hrpC and
hrpB genes, respectively. b-Galactosidase activity of the cor-
responding strains, GMI1609 and GMI1611 (Table 1) was
then monitored and compared to their respective parent.
When bacterial cells were grown in complete medium, i.e.,
conditions in which hrp genes are normally expressed at
background levels, the phcA mutation resulted in a dramatic
increase (20- to 60-fold) of hrp gene transcription (Table 2).
Expression of a functional phcA in trans on pSG318 restored
expression to the low wild-type levels (Table 2). These re-
sults were conﬁrmed by comparing the activity of a
hrpB::lacZ fusion expressed in trans on the low-copy-number
plasmid pSG315 in the wild-type and phcA mutant strains:
here again inactivation of phcA led to a strong increase of
hrpB expression in complete medium (802 Miller units) com-
pared to that observed in the wild-type strain (62 Miller
units).
3.2. Inﬂuence of metabolic conditions on the PhcA-mediated
repression of hrp genes
b-Galactosidase activity of the strains GMI1447, GMI1475,
and their phcA mutant derivatives were also measured after
growth of bacterial cells in inducing minimal medium (with
glucose as sole carbon source). Inactivation of phcA also re-
sulted in enhanced transcription of hrp genes, although less
than was observed in complete medium (2.5- to 6-fold) (Table
3). Growth of R. solanacearum with complex nitrogen sources
(e.g., casamino acids) repressed hrp gene expression to <10%Table 3
Eﬀect of phcA on expression of chromosomal Tn5-lacZ fusions in the
hrpB and hrpC genes after growth of the bacterial cells in minimal










GMI1447 122 (5) 25 (2) 10 (0.9)
GMI1609 248 (21) 344 (30) 390 (32)
GMI1475 82 (7) 26 (3.5) 8 (1)
GMI1611 434 (30) 393 (18) 449 (20)of that observed in minimal medium + glucose [11]. However,
in the phcA mutant strain, the casamino acid-dependent
repression was relieved and hrp genes were expressed to levels
comparable to those observed in inducing conditions (Table 3).
This observation indicates that the PhcA-dependent repression
of hrp genes is directly linked to the metabolic status of the
bacterial cells. Interestingly, the addition of glucose to minimal
medium + casamino acids was able to trigger a weak induction
of hrp genes in strains GMI1447 and GMI1475 (Table 3), sug-
gesting that the PhcA-dependent repression exerted in presence
of a complex nitrogen source could be relieved in presence of
potent inducing signals.
3.3. Overexpression of phcA strongly reduces the ability of
R. solanacearum to elicit the hypersensitive response on
tobacco leaves
The ability of R. solanacearum GMI1000 to induce an HR
on tobacco depends on a functional TTSS. Because phcA
appeared to negatively regulate hrp gene expression, we inves-
tigated whether the constitutive expression of phcA on a low-
copy-number was able to alter the ability of the wild-type
strain to elicit the HR. Tobacco leaves were inﬁltrated with
suspensions of 108 bacterial cells/mL of strains GMI1000/
pSG318, which overexpresses phcA, and GMI1000/pLAFR3,
a control strain carrying the empty vector. As shown in Fig.
2, GMI1000/pSG318 elicited no macroscopic reaction 24 h
after inoculation, in contrast to the wild-type control. A partial
HR could be observed only 48 h post-inoculation with the
phcA-overexpressing strain, indicating that elevated amounts
of PhcA have a negative eﬀect on the TTSS-dependent translo-
cation of the R. solanacearum HR-inducing factor.
3.4. PhcA-dependent repression of hrp genes is mediated through
a post-transcriptional control of the regulatory gene hrpG
We were interested in determining at which step of the Hrp
regulatory cascade the PhcA-dependent control of hrp gene
expression takes place. First, we noticed that the phcA muta-
tion had no eﬀect on expression on prhA, the gene placed at
the top of the cascade which encodes the TonB-dependent
receptor involved in the sensing of plant signals (data not
shown). Because the PhcA-dependent repression was inﬂu-
enced by the growth conditions of the bacteria, we then inves-
tigated the eﬀect of phcA on hrpG, the regulatory gene placed
just upstream of hrpB in the cascade (Fig. 1) and which wasFig. 2. Overexpression of phcA reduces the ability of R. solanacearum
to elicit the HR on tobacco leaves. Tobacco leaf parenchyma was
inﬁltrated with suspensions of 108 bacterial cells/mL of strains
GMI1000/pSG318 (pLAFR3::phcA) and GMI1000/pLAFR3 (empty
vector control). Areas inﬁltrated are circled. Photographs were taken
24 and 48 h post-inoculation.
Table 4
Expression of hrpG is not signiﬁcantly altered by inactivation of phcA
but hrpG is required for the phcA-dependent repression of the hrpB
gene in complete medium





GMI1425 hrpG::lacZ 247 (36) 70 (7)
GMI1612 hrpG::lacZ phcA::X 306 (29) 148 (14)
GMI1611 hrpB::lacZ phcA::X 629 (34) 434 (30)
GMI1757 hrpB::lacZ phcA::X hrpG::X 7 (1.5) 21 (2)
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hrp gene transcription in minimal medium [14]. As previously
noted, hrpG is constitutively expressed in complete and mini-
mal media [14] and the phcA::X mutation had no signiﬁcant ef-
fect on hrpG transcription in either conditions (Table 4). Since
inactivation of phcA had a very strong eﬀect on hrpB transcrip-
tion, we then addressed the question of whether this activation
of hrpB observed in the phcA::X mutant strain in complete
medium was mediated through hrpG. For this purpose, a triple
mutant strain carrying disruptions of both phcA and hrpG to-
gether with a hrpB::lacZ transcriptional fusion was con-
structed. Results presented in Table 4 clearly show that the
enhanced expression of hrpB observed in complete medium
conditions in the phcA mutant was abolished in the absence
of a functional hrpG gene. Altogether, these results indicate
that the activation of hrpB in the phcA mutant strain is depen-
dent upon the activity of HrpG but is not mediated through a
transcriptional activation at the level of the hrpG gene itself.4. Discussion
In this paper, we provide genetic evidence that the two main
regulatory pathways controlling pathogenicity functions previ-
ously characterized in R. solanacearum are coordinately regu-
lated. Hence, the global virulence regulator PhcA represses
the expression of TTSS genes and this repression is mainly ex-
erted in the presence of complex growth environments. Consis-
tent with this, the production of R. solanacearum Hrp pili
appear to be repressed by phcA in rich medium-grown cells
[6; unpublished observations] and the constitutive expression
of phcA results in a delayed HR after inﬁltration of tobacco
leaves.
Two distinct signals, high cell density and complex nitrogen
sources, appear to be involved in the repression of the R. solan-
acearum TTSS through PhcA. Since the activity of PhcA is
controlled by the autoinducer molecule 3-OH PAME [4], it im-
plies that hrp genes are repressed at high cell density when this
diﬀusible chemical signal accumulates (Fig. 1). This hypothesis
is supported by the observation that expression of the hrpB
gene in complete medium is induced by 6-fold at low cell den-
sity (106 cfu/mL) versus high cell density (108 cfu/mL). To
date, a similar observation has only been reported for two
pathogenic Vibrio sp. in which expression of TTSS genes is re-
pressed by quorum-sensing signals at high cell density [22]. A
possible scenario is that R. solanacearum perceives both high
cell density and complex growth environment signals as indica-
tors of nutrient suﬃciency and in response represses use of its
TTSS for acquisition of nutrients from plant cells. This model
is consistent with the view that the deployment of the HrpTTSS is important for isolated bacterial cells during the early
steps of plant infection, the inverse of what occurs for EPS, cel-
lulases and other virulence factors which are massively pro-
duced when the bacterium reaches high cell density within
the plant. Recent studies showing that the TTSS from phyto-
pathogens is required for the suppression of basal plant de-
fense responses during the ﬁrst stages of interaction with
their hosts [23] also support this hypothesis.
Our data indicate that the PhcA-dependent control of the
Hrp regulatory pathway occurs at the level of HrpG, probably
via a post-transcriptional mechanism. hrpG encodes an OmpR
family response regulator that integrates diﬀerent environmen-
tal signals, being required for hrpB gene activation in the pres-
ence of both plant cell-derived signals and stimuli from the
metabolic state [14]. Plant cell signals activate transcription
of hrpG via the Prh pathway (PrhARIJ, see Fig. 1) [13,15]
but in minimal medium, the activation of hrp genes is mediated
by hrpG but not the Prh pathway [14]. To accomodate the fact
that transcription of hrpG is not activated in minimal medium
while its gene product is required in these conditions, it was
proposed that HrpG could be phosphorylated by an unidenti-
ﬁed sensor kinase protein [14]. This hypothesis is also sup-
ported by the observation that point mutations near the
putative phosphorylation site of the orthologous HrpG re-
sponse regulator of Xanthomonas campestris cause constitutive
expression of hrp genes [24]. Here we provide evidence that the
PhcA-dependent repression observed when the growth envi-
ronment gets enriched in complex nitrogen sources occurs
through the control of the activity of HrpG. It is therefore
tempting to speculate that PhcA somehow negatively regulates
the phosphorylation state of HrpG in these conditions, proba-
bly through the control of its cognate sensor kinase(s). Re-
cently, a yeast two-hybrid screen identiﬁed a candidate
sensor histidine kinase that interacts with HrpG in Xanthomo-
nas axonopodis [25]. In R. solanacearum, the isolation of a cor-
responding sensor-kinase gene remains a pre-requisite to
consolidate our model on hrp gene activation.
In conclusion, HrpG appears to be the branching point of
two input signal pathways: the Prh plant-responsive pathway
and an unidentiﬁed minimal medium pathway that connect
hrp gene regulation to the global virulence regulator PhcA.
In such a model, the expression of hrp genes will be the result
of the balance between these two pathways in response to envi-
ronmental conditions (from complete repression in synthetic
rich culture medium to full activation in the plant apoplast
at low cell density).
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